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their	 viability	 and	 the	 effectiveness	of	 conservation	 efforts.	 The	 situation	 is	 even	
more	dramatic	 in	 the	South	of	England,	where	S. vulgaris	 survives	only	on	 islands	
(Brownsea	Island,	Furzey	Island,	and	the	Isle	of	Wight).	Using	the	D‐loop,	we	inves-
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1  | INTRODUC TION
The	 concept	 of	 evolutionary	 significant	 unit	 (ESU)	 was	 devel-
oped	 to	 provide	 a	 rational	 basis	 for	 prioritizing	 conservation	
effort	 and	 defined	 as	 unique,	 population(s)	 that	 evolved	 inde-
pendently	 (Moritz,	 1994;	 Ryder,	 1986).	 This	 assumes	 genetic	
diversity	 to	 be	 a	 surrogate	 for	 adaptive	 potential;	 therefore,	
peripheral	 or	 isolated	 populations	 may	 be	 valuable	 tools	 for	
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conservation	 as	 they	 can	 harbor	 unique	 genetic	 resources	 in-
valuable	 for	 species	 conservation	 (Flanagan,	 Forester,	 Latch,	
Aitken,	 &	 Hoban,	 2018;	 Frankham,	 2005;	 Lesica	 &	 Allendorf,	
1995).	However,	the	conservation	of	uniqueness	within	popula-
tions	needs	to	be	balanced	against	reducing	the	risk	of	inbreed-
ing	 depression	 compromising	 population	 viability	 (Coleman,	
Weeks,	 &	 Hoffmann,	 2013;	 Ralls	 et	 al.,	 2018;	 Weeks	 et	 al.,	




from	 Ireland	 across	 Eurasia	 to	 Japan	 (Lurz,	 Gurnell,	 &	Magris,	
2005),	 the	 abundance	 of	 red	 squirrel	 populations	 in	 the	 UK	
dramatically	 declined	 following	 the	 introduction	 of	 the	 North	
American	Eastern	gray	squirrel	 (Sciurus carolinensis)	 in	 the	 late	





for	S. vulgaris	 in	mainland	Europe	has	 intensified	 in	 recent	de-
cades	 due	 to	 the	 establishment	 of	 the	 invasive	 S. carolinensis 




The	 replacement	 of	 the	 native	 squirrel	 in	 much	 of	 the	 UK,	
and	the	role	of	squirrelpox	virus	(SQPV)	in	this	process,	is	a	well‐
known	example	of	disease‐mediated	invasion	(Bosch	&	Lurz,	2012;	
Tompkins,	White,	 &	 Boots,	 2003)	 and	 the	 risks	 associated	 with	
release	 of	 non‐native	 species.	 Combined	 effects	 of	 disease	 and	
competition	 have	 enabled	 the	 gray	 squirrel	 to	 replace	 its	 native	
congener	with	 native	 strongholds	 remaining	 in	 the	 north	 of	 the	
country	and	isolated	populations	in	the	south	(Gurnell	et	al.,	2006,	
2004;	 Kenward	 et	 al.,	 1998;	 Tompkins	 et	 al.,	 2003).	 Recent	 ev-








estimated	 subspecies	 has	 varied	 (Lurz	 et	 al.,	 2005).	 Sidorowicz	
(1971)	 suggested	 a	 classification	 into	 17	 subspecies	 mapped	
into	geographic	subregions	but	only	a	few	subspecies	have	been	
supported	by	molecular	data.	Grill	et	al.	 (2009)	suggested	three:	
S. v. infuscatus	and	S. v. meridionalis	 in	 Italy	and	S. v. fuscoaster	 in	
Eastern	Europe	and	subsequently,	S. v. meridionalis	was	described	










The	population	structure	of	S. vulgaris	 in	Britain	 is	unlikely	to	
be	straightforward	as	it	has	experienced	dramatic	declines	and	re-
coveries	over	several	centuries.	In	the	15–16th	century,	and	again	
the	 18th	 century,	 deforestation	 in	 Scotland	 resulted	 in	 squirrels	
coming	close	to	extinction	 in	 that	 region,	except	possibly	 the	far	
north.	 This	 was	 followed	 by	 several	 successful	 reintroductions	
and	 afforestation,	 with	 a	 subsequent	 recovery	 of	 the	 red	 squir-
rel	until	 foresters	considered	 the	species	a	pest	by	 the	 late	19th	
century	(Shorten,	1954).	A	history	of	translocations	of	continental	
S. vulgaris	to	the	British	Isles	during	these	reintroductions	(Lowe	&	






population	 structure	 and	 concluded	 that	 translocations	between	
regions	 could	be	 advised,	 subsequently,	Hale	 et	 al.	 (2001)	 found	






Britain,	 there	 are	 small	 populations	 remaining	 on	 islands	 off	 the	








2  | MATERIAL S AND METHODS
2.1 | Study sites and sample collection
Brownsea	includes	about	200	ha	of	mixed	woodland	and	approxi-
mately	 150–200	 squirrels	 (Thain	 &	 Hodder,	 2015).	 Furzey	 is	 a	
13	 ha	 island	 approximately	 300	m	 from	Brownsea	with	 six	 hec-
tares	of	woodland	dominated	by	Pinus sylvestris	 (Kenward	et	 al.,	
1998)	 and	 it	 is	 home	 to	 a	 population	of	 around	30	 red	 squirrels	
(Thain	&	Hodder,	2015).	 In	2009,	eight	 samples	of	plucked	hairs	
were	collected	from	squirrels	livetrapped	on	Furzey	Island	as	part	
of	 conservation	 monitoring	 and	 one	 cadaver	 was	 collected	 on	
Brownsea	(Figure	1).	Twenty	additional	plucked	hair	samples	from	
     |  3HARDOUIN et Al.
livetrapped	squirrels	were	collected	 in	2016	as	part	of	a	squirrel	




estimated	 as	 3,300	 squirrels	 assuming	 1.1	 squirrels	 per	 hectare	
(Pope	&	Grogan,	2003).
Red	 squirrel	 tissue	 samples	 from	 the	 Isle	 of	Wight	were	 col-
lected	 during	 routine	 postmortem	 examinations	 undertaken	
by	Wight	 Squirrel	 Project.	 DNA	 was	 extracted	 at	 the	Moredun	
Research	 Institute	 using	 conditions	 described	 in	 Simpson	 et	 al.	
(2015).	 Twenty‐five	 of	 those	 samples	 were	 used	 in	 the	 present	
study.
2.2 | DNA extraction and sequencing
Squirrel	hair	samples	were	extracted	using	the	QIAGEN	QIAamp®	
DNA	Micro	kit	following	the	manufacturer's	instructions.	A	238	bp	
fragment	 from	 the	mitochondrial	 D‐loop	was	 amplified	 using	 the	
primers	 Lpro‐SQL	 (5′‐ACTAATCCATCGTGATGTCTTATTTA‐3′)	
and	 SQR	 SQR	 (5′‐CTTACTTGACCAATCCCTCACT‐3′)	 from	 Trizio	
et	al.	 (2005).	The	PCR	was	performed	 in	a	40	μl	 reaction	contain-
ing:	2	mM	MgCl_2,	1.25	U	GoTaq®	G2	flexi	DNA	polymerase,	1×	
GoTaq®	 colorless	 flexi	 buffer,	 5	mM	primer,	 0.4	mM	dNTPs,	 and	
2 μl	of	template	DNA	under	the	following	thermocycle	conditions:	
94°C	 for	5	min,	 then	35	cycles	of	94°C	 for	30	s,	53.1°C	 for	30	s,	
and	then	72°C	for	1	min,	followed	by	a	final	elongation	at	72°C	for	
10	min.	All	sequencing	reactions	were	outsourced	to	GENEWIZ®.	
All	 the	 sequences	 generated	 in	 the	 present	 study	 were	 submit-
ted	 to	 GenBank:	 accession	 number	 MK234640‐MK234695	 and	
MK258734‐MK258755.
2.3 | Phylogenetic analysis
The	 Brownsea	 Island,	 Furzey	 Island,	 and	 Isle	 of	Wight	 sequences	
were	aligned	to	previously	published	data	and	used	the	British	popu-
lations	 as	 defined	by	Hale	 et	 al.	 (2004).	 The	 final	 alignment	 has	 a	
length	of	238	bp	with	72	 informative	variants	from	1,016	samples	
from	 across	 Europe	 (see	 references	 in	 Table	 1).	 The	 numbers	 of	
haplotypes,	haplotype	diversity,	nucleotide	diversity,	and	neutrality	
tests	were	calculated	using	DNAsp	(Librado	&	Rozas,	2009).	FST	and	






A	phylogenetic	 tree	was	 generated	with	MrBayes	 (Ronquist	 et	 al.,	





at	 600,000	MCMC	with	25%	of	 burn‐in.	A	 sequence	 from	Sciurus 
lis	 (AB249880)	was	 used	 as	 an	 out‐group.	 The	 substitution	model	








F I G U R E  1  Map	of	the	study	area	in	the	British	Isles	showing	
the	main	regions.	The	names	in	italics	are	the	counties	close	to	the	
study	sites








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Hd	=	0.882.	However,	 genetic	 diversity	 in	 the	 Isle	of	Wight	was	
similar	to	nonisland	populations	in	the	rest	of	Great	Britain	(mean	
Hd	 =	 0.429	 (SD	 =	 0.274).	Only	 two	 haplotypes	were	 present	 on	
Brownsea	and	Furzey	(Table	1	and	Figure	2),	and	these	two	haplo-
types	were	shared	between	the	two	islands.	Four	haplotypes	were	












statistically	 significant	 (p	 <	 0.05).	 Fu	 and	 Li's	D	were	 also	 calcu-
lated	and	 found	 to	be	−1.286	on	 the	 Isle	of	Wight	and	1.296	on	































The	 population	 structure	 of	 Britain	 and	 Continental	 Europe	
was	 further	 investigated	 using	 AMOVA	 (Table	 2).	 Several	 mod-
els	were	 tested	 for	Britain	as	 there	are	no	clear	expectations	 for	








into	 18	 groups.	 AMOVA	 indicated	 that	 40.49%	 of	 the	molecular	
variation	was	attributed	to	among‐group	variation	(Table	2).	Several	




















samples	 from	 the	 Isle	 of	Wight	 as	well	 as	 Eastern	 Ireland	 (EIRL)	
and	South	West	Ireland	(SWIRL).	Haplotype	4	is	specific	to	the	Isle	





3.4 | Putative origin of the S. vulgaris on Brownsea 
Island, Furzey Island, and the Isle of Wight
The	colonization	hypotheses	for	each	island	were	investigated	using	
Migrate‐n.	 The	 hypothesized	 source	 regions	were	 proposed	 using	
the	clustering	of	the	phylogenetic	tree	(Figure	3)	as	well	as	the	FST 
matrix	 (Figure	4).	 Eight	putative	origins	were	 tested	 for	Brownsea	
Island	and	Furzey	Island	(S1).	Model	8,	with	a	Northern	English	ori-
gin	for	the	Furzey	red	squirrels	and	a	North	West	English	origin	for	
the	Brownsea	 red	squirrels,	 found	 to	be	most	 likely	 (Table	3).	The	
Isle	of	Wight	and	South	East	England	shared	a	haplotype,	so	South	
East	England	was	hypothesized	as	one	of	the	origins	of	squirrels	on	
the	 Isle	of	Wight.	 The	origins	of	 the	 three	other	haplotypes	were	
TA B L E  2  AMOVA	results
Region 







Among	groups 1 126.55 0.59 17.24 FCT	=	0.17
Among	populations	
within	groups
14 472.53 1.23 35.82 FSC	=	0.43




Among	groups 13 593.45 1.36 44.49 FCT	=	0.44
Among	populations	
within	groups
2 5.63 0.09 2.88 FSC	=	0.05





Among	groups 11 448.53 0.58 18.71 FCT	=	0.19
Among	populations	
within	groups
18 260.79 0.83 26.84 FSC	=	0.33






Among	groups 17 679.75 1.22 40.49 FCT	=	0.40
Among	populations	
within	groups
10 29.57 0.12 3.90 FSC	=	0.07
Within	populations 514 861.54 1.68 55.61 FST	=	0.44
Bold	value	indicates	statistically	significance	p < 0.05.
8  |     HARDOUIN et Al.












More	 interestingly,	 several	 private	 haplotypes	were	 found	 in	 the	
three	 isolated	 populations	 from	 southern	 England	 representing	
unique	 lineages	which	 could	 be	 valuable	 for	 the	 conservation	 of	
the	species.
4.1 | Sciurus vulgaris in Britain
All	the	samples	from	Britain	could	be	classified	as	S. vulgaris	as	no	
strongly	 supported	 lineages	 were	 apparent	 in	 the	mitochondrial	
phylogenetic	 tree	 providing	 no	 evidence	of	 the	 existence	of	 any	
subspecies	such	as	S. v. leucourus.	Although	Hale	et	al.	(2004)	iden-
tified	one	British	haplotype	that	could	possibly	have	represented	
S. v. leucourus	 (Figure	 2),	 they	 noted	 that	 this	 could	 not	 be	 sub-
stantiated.	 Evidence	 for	 the	 existence	 of	 this	 British	 subspecies	
remains	elusive.
F I G U R E  3  Bayesian	phylogenetic	tree	reconstructed	using	the	mitochondrial	D‐loop	of	1,016	red	squirrels	from	all	across	Europe.	The	
posterior	probability	calculated	using	Mr	Bayes	is	indicated	in	each	node.	White	circles	represent	Isle	of	Wight	haplotypes,	black	circles	
Brownsea	Island	haplotypes	and	gray	circles	Furzey	Island	haplotypes
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We	 found	 that	 the	 squirrels	 remaining	 in	 Brownsea,	 Furzey,	
and	 the	 Isle	 of	Wight	 showed	 no	 evidence	 of	 the	 Scandinavian	
haplotype	 which	 has	 been	 found	 in	 Great	 Britain	 (Hale	 et	 al.,	
2004—Figure	 2).	 This	 result	 is	 unexpected	 as	 the	 Scandinavian	
haplotype	 was	 found	 in	 Dorset	 which	 is	 geographically	 close	
to	 Brownsea,	 Furzey,	 and	 the	 Isle	 of	Wight	 (Hale	 et	 al.,	 2004—





squirrel	 populations.	 Furthermore,	 historical	 population	 declines	
and	 subsequent	 translocations	 are	 known	 to	 have	 substantially	
impacted	squirrel	populations	throughout	much	of	the	British	Isles	
(Lowe	 &	 Gardiner,	 1983;	 Shorten,	 1954).	 Those	 translocations	
could	explain	the	high	population	differentiation	found	in	Britain.
4.2 | Origin of S. vulgaris on Brownsea and 
Furzey islands
Our	results	indicated	that	S. vulgaris	can	migrate	between	Brownsea	
and	 Furzey	 or	 that	 the	 populations	 have	 a	 common	 origin,	 as	
haplotypes	 are	 shared	 between	 squirrels	 on	 the	 two	 islands.	
Migration	between	those	islands	is	feasible	as	Brownsea	and	Furzey	
Islands	are	around	300	m	apart,	well	within	the	ability	of	this	spe-
cies	 to	 swim	 (Bosch	&	 Lurz,	 2012)	 and	 evidence	 exists	 of	 an	 indi-
vidual	successfully	crossing	the	greater	distance	from	these	islands	
to	 a	 peninsula	 on	 the	 mainland	 (Kenward	 &	 Hodder,	 1998).	 The	
origin	of	S. vulgaris	on	Furzey	Island	is	known,	the	founder	popula-
tion	 comprised	 a	 small	 number	 of	 squirrels	 from	 Cannock	 Chase,	
Staffordshire,	UK,	which	were	introduced	in	1977	(Kenward,	1989).	




red	 squirrels	were	 already	 present	 on	Brownsea	 Island	 before	 the	
establishment	of	the	Furzey	population	(Thain	&	Hodder,	2015).	The	
haplotype	found	on	Brownsea	Island	is	also	shared	with	Jersey	and	






F I G U R E  4  Pairwise	FST	calculated	for	
the	54	populations	of	red	squirrels
10  |     HARDOUIN et Al.


















of	 the	haplotypes	 found	on	 the	 Isle	 of	Wight	 are	 likely	 to	be	 from	
British	 origin	 (South	 East	 England	 and	 Northern	 England/Ireland).	
Unfortunately,	 the	 origin	 of	 S. vulgaris	 on	 the	 Isle	 of	Wight	 is	 not	
documented.
4.4 | The importance of the Brownsea, 






servation.	 Even	 though	 it	 is	 acknowledged	 that	 ESUs	 should	 be	
defined	 using	 adaptation,	 genetic,	 and	 ecological	 diversity,	 they	
are	often	described	using	 a	 small	 number	of	markers	 (for	 exam-
ple:	Kolomyjec,	Grant,	Johnson,	&	Blair,	2013;	Wedrowicz,	Mosse,	
Wright,	 &	Hogan,	 2018).	However,	 in	 small	 populations,	 genetic	
drift	 might	 create	 population	 uniqueness	 (Weeks	 et	 al.,	 2016).	
More	 importantly,	 it	 has	 been	 suggested	 that	 defining	 unique	
populations	 only	 with	 neutral	 markers	 might	 increase	 the	 ex-
tinction	 risk	 of	 those	 populations	 (Weeks	 et	 al.,	 2016).	 In	 prac-
tice,	 the	need	 to	balance	 the	preservation	of	 local	 diversity	 and	
possible	adaptation	or	population	uniqueness	against	 the	 risk	of	
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